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ABSTRACT
We consider how chondrules, once-molten mm-sized spheres filling the oldest mete-
orites, may have formed as the thermally processed fallout from planetesimal colli-
sions in the primordial solar nebula. We focus on the cloud of hot and dense silicate
vapor released from a collision, and its expansion into cold and rarefied nebular hy-
drogen. Collisional particle debris, including chondrule precursors, are entrained by
the cloud and melted by it, via gas conduction and radiation emitted by dust grains
that condense out of the cloud. Conduction and radiation lock vapor, dust, and proto-
chondrules to a common temperature, which falls as the cloud expands. Latent heat
released by condensation slows cooling at first, but eventually radiative losses hasten
it so that all remaining vapor condenses, leaving behind a pressure-less cavity which
nebular gas backfills. Particles that are not too large are swept back in; of these,
those that are not too small can sediment at drag-limited terminal velocities onto the
planetesimal remains before solar tides tear them away. Particles that re-agglomerate
with their parent thus have a specific size range: ∼1 mm in the asteroid belt, and ∼10
µm in the proto-Kuiper belt, for nebular densities comparable to the minimum-mass
solar nebula. Thermal histories of chondrules in asteroids, and chondrule-like particles
in the short-period comet 81P/Wild-2, are reproduced for colliding planetesimals of
order 100 km in radius, matching the dominant sizes of Solar System minor bodies.
If asteroids were born big and nebular gas densities decayed monotonically, then our
model predicts older chondrules have larger maximum sizes and cooled more slowly.
Problems, including the efficiency of chondrule production and the origin of CAIs, are
discussed.
Key words: meteorites, meteors, meteoroids; minor planets, asteroids: general;
Kuiper belt: general; protoplanetary discs; planets and satellites: formation
1 INTRODUCTION
Underneath the fusion crusts of the most primitive stony me-
teorites lies a profusion of millimeter-sized igneous spheres.
These chondrules, which can fill & 50% of meteorite vol-
umes, are among the oldest creations of the Solar System,
with lead isotopic ages of 4.562–4.567 billion years, and
near-solar compositions in refractory elements. Chondrule
petrology indicates they were heated to melting tempera-
tures for a period of a few minutes, and that they cooled
? E-mail: nchoksi@berkeley.edu
over hours to days. Their roundness indicates that proto-
chondrules were heated while suspended in space, so that
surface tension pulled their shapes into spheres. For reviews,
see Connolly Jr. & Jones (2016) and Russell et al. (2018).
From the petrologic data we can infer some rough or-
ders of magnitude characterizing the chondrule formation
environment. The fact that chondrules were partially molten
implies an ambient temperature T ∼ 2000 K. A single chon-
drule radiating into vacuum at this temperature would cool
off unacceptably fast, within seconds; therefore chondrules
must have been immersed in, and kept warm by, a gas of
high heat capacity, or a radiation bath maintained by an op-
tically thick medium, or both. The former possibility is fur-
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ther supported by the retention of volatile elements, princi-
pally sodium, within chondrules, requiring ambient Na par-
tial pressures of order ∼10−3 bars while T ∼ 2000 K (Alexan-
der et al. 2008; Fedkin & Grossman 2013). Gas at 2000 K
has a sound speed ranging from cs ∼ 0.7 to 3 km/s, depend-
ing on whether it is composed predominantly of hydrogen
or metals. A characteristic length scale for the formation
environment is given by the sound speed multiplied by the
cooling time, R ∼ 4 × 104 km (cs/km s−1)(tcool/10 hr).
These scales, which describe a formation setting that
was hot, pressurized, and compact, do not recall those of
the solar nebula (a.k.a. the protoplanetary disc), which for
the most part was cold (. 300 K), rarefied (. 10−4 bar in hy-
drogen, and orders of magnitude less in other elements), and
extensive (with disc scale heights & 107 km; e.g. Williams &
Cieza 2011; Armitage 2011). This mismatch argues against
purely nebular processes for creating chondrules. Further-
more, the hydrogen-rich composition of the nebula does not
provide the high oxygen fugacities (oxygen partial pressures)
required to form the iron-rich silicates present in chondrules
(e.g. Ebel & Grossman 2000; Grossman et al. 2008).
The comparatively small, fast, and energetic scales in-
ferred from chondrule petrology may instead be compatible
with collisions between planetesimals. Impacts at relative
velocities urel ∼ O(1 km/s) (for reference, orbital velocities
are ∼20 km/s around the Sun in the main asteroid belt at 3
au) heat rock to a temperature of T ∼ µmpu2rel/k ∼ O(103 K),
where µ ∼ 30 is the mean molecular weight of silicate gas, mp
is the proton mass, and k is Boltzmann’s constant. The dura-
tions of heating and cooling should scale with the sizes of the
colliding planetesimals. For example, if the colliding bodies
are Rpl ∼ O(100 km) in size, we might expect the initial fire-
ball to last the “smash-through” time of Rpl/urel ∼ O(102 s),
consistent with a minutes-long heating event. The collisional
destruction of the bodies may release an expanding cloud of
debris and vapor, the thermodynamics of which could con-
ceivably reproduce chondrule cooling rates. Fleshing out this
possibility with a quantitative model is a goal of this paper.
Support for a collisional origin for chondrules has been
building, although the evidence is still circumstantial and/or
model-dependent, and questions remain. Krot et al. (2005)
found that CB chondrules crystallized 4–5 Myr after the for-
mation of the oldest objects in the Solar System (calcium-
aluminium-rich inclusions in CV chondrites) and argued
that by this time, the solar nebula may have largely dis-
sipated, ruling out a purely nebular origin. They pointed to
the metal nodules (a.k.a. blebs) in CB chondrites, and the
non-porphyritic textures of CB chondrules, as signatures of
melt production and vapor condensation from a hyperveloc-
ity impact (one fast enough to shock compress solids and
produce melt and vapor). Villeneuve et al. (2015) argued
similarly, that numerous experimental constraints on chon-
drule formation, from cooling profiles, oxygen fugacities, and
relict grains are best explained by interaction of solids with
impact-generated vapor after planetesimal collisions.
Asphaug et al. (2011) pioneered numerical simulations
of chondrule formation in planetesimal collisions, suggesting
that chondrules may have formed as liquid droplets sprayed
out in low velocity collisions between planetesimals with
largely molten interiors. Sanders & Scott (2012) further ad-
vocated for this scenario, arguing that it can resolve many
of the petrological difficulties which attend non-collisional
formation models. Johnson et al. (2015) showed that the col-
liding bodies need not (and should not) be molten: melt is
created and jetted out of the impact site when solids collide
at high enough speeds, urel & 2.5 km/s. Droplet sizes were
estimated to be on the order of 1–10 mm for impactor diam-
eters of 100–1000 km (see also Johnson & Melosh 2014). For
these same parameters, chondrule cooling rates of 100–3000
K/hr, compatible with empirical constraints, were inferred
from radiative transfer modeling of the optically thick jet.
In the impact simulations of Johnson et al. (2015) and
Wakita et al. (2017), only a small fraction of the initially
solid colliding mass, on the order of a percent, is jetted out
as melt. Whether this efficiency of melt production is ade-
quate to re-process enough of the main asteroid belt into the
chondrites sampled on Earth is unclear (for a quick and op-
timistic calculation, see the penultimate paragraph on page
340 of Johnson et al. 2015). The issue is tied to how the
droplets re-agglomerate onto larger bodies, and how the as-
teroid belt as a whole evolves. One school of thought posits
that the chondrules sprayed into space by one body are
later re-accreted onto other bodies by their gravity abetted
by nebular gas drag, a process called pebble accretion (Jo-
hansen et al. 2015; Hasegawa et al. 2016). Pebble accretion
is lossy, however, with the overwhelming majority of solids
drifting radially past potential accretors in the primordial
nebula (Ormel 2017; Lin et al. 2018). The high volume-filling
fraction of chondrules in chondritic meteorites (see table 1
of Weisberg et al. 2006) is a stringent test of any theory, and
pebble accretion does not appear to explain why meteorite
parent bodies would accrete predominantly chondrules and
not other objects that may behave dynamically similarly in
the nebula but possess fundamentally different petrologies.
The latter include unmelted collisional fragments and solids
that avoided collisional processing altogether.
Here we further explore a collisional genesis for chon-
drules. New developments in modeling shocked forsterite and
silica demonstrate that vapor can be produced in abundance
through hypervelocity impacts between planetesimals which
are, at least in their outer layers, initially solid (Carter &
Stewart 2020; Davies et al. 2020). Stewart et al. (2019b) sug-
gested that the resulting hot silicate vapor cloud (also called
a vapor plume) may be conducive to chondrule formation.
We investigate this possibility by studying the dynamic and
thermodynamic evolution of the cloud, including its interac-
tion with the hydrogen of the solar nebula. By contrast to
Johnson et al. (2015) and related studies, we do not rely on
melt created by decompression heating at the impact site
to form chondrules. Indeed, we do not model the impact
dynamics at all. Instead we begin our analysis post-impact,
assuming that a cloud of hot vapor has been released from
the collision, and that this vapor contains debris, possibly
initially solid. We study the subsequent evolution of this
debris, in particular how it can be heated, and melted, by
ambient vapor and radiation. Our goal is to determine the
initial cloud conditions required to transform collisional de-
bris into chondrules. Our hope is that the cloud properties
we infer can later be mapped to the kinds of collisions—the
target and impactor masses, and the impact velocities—that
make chondrules.
As part of our study, we quantitatively sketch how the
solid/liquid debris, swept outward at first by the expanding
vapor cloud, may eventually gravitate back toward the col-
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lisionally disrupted planetesimal remains. Here there is the
possibility that the aerodynamics of fallback permit only cer-
tain size particles to re-agglomerate, potentially explaining
why chondrules have a narrow size distribution (for mea-
surements, see, e.g. Friedrich et al. 2015), and why aster-
oid surface layers may be littered with chondrules (Weiss &
Elkins-Tanton 2013).
Our treatment of the vapor cloud and of the solids em-
bedded within it is zero-dimensional: we do not spatially re-
solve the cloud, but restrict our attention to its mean proper-
ties, e.g. density and temperature, and their evolution with
time. Our model is similar in spirit to that of Dullemond
et al. (2014, 2016), who considered the evolution of a cloud
containing essentially only molten chondrules, and no vapor
except what outgasses from the melt. We study the comple-
mentary problem of a pure vapor cloud in which solid/liquid
particles are sparsely embedded, and extend the analysis to
consider the possible late-time fallback of material (which
would obviate pebble accretion).
The order-of-magnitude style of our approach precludes
us from examining the complicated dynamics of the collision
itself (cf. Johnson et al. 2015; Wakita et al. 2017; Davies
et al. 2020). However, it does allow us to describe, broadly
and intuitively, the simpler post-collision evolution of the
silicate cloud, and to economically survey the range of pos-
sible outcomes. We will make use of our model’s flexibility
to scale results to proto-Kuiper belt conditions, to see if
we might reproduce the chondrule-like thermal histories in-
ferred from cometary samples returned by the Stardust mis-
sion (Nakamura et al. 2008; Jacob et al. 2009; Bridges et al.
2012; Brownlee 2014; Gainsforth et al. 2015). Our approach
complements that of Stewart et al. (2019a), who present an
ab initio simulation of a vaporizing collision in substantive
detail.
The rest of this paper is organized as follows. In sec-
tion 2 we describe our model of chondrule formation using
a fiducial set of initial vapor cloud parameters in the main
asteroid belt of the solar nebula. In section 3 we explore
how our results vary over the space of initial cloud prop-
erties (density, temperature, size) and protoplanetary disc
conditions, including those that might have characterized
the proto-Kuiper belt. A summary and outlook are given in
section 4.
2 CHONDRULE FORMATION MODEL
We start our analysis at a time post-collision when a cloud
of hot silicate vapor is expanding into the ambient hydro-
gen nebula. The cloud is dominated by vapor but contains
solid ejecta of various sizes, among which are chondrule pre-
cursors. Some fraction of the original colliding pair of plan-
etesimals is assumed to remain in a gravitationally bound
mass at the center of the cloud; we will refer to the rem-
nant mass as the disrupted “parent body” or “planetesimal”.
The vapor cloud is assumed spherical and sufficiently de-
compressed that it behaves as an ideal gas; we do not model
the prior non-ideal phase of the explosion (cf. Johnson et al.
2015; Stewart et al. 2019a; Davies et al. 2020).
Our fiducial input parameter values include the va-
por cloud’s initial radius R0 = 200 km, initial temperature
T0 = 4000 K, and initial mass density ρ0 = 10−5 g/cm3. For
simplicity and to reduce the number of free parameters in the
model, the radius of the underlying disrupted planetesimal is
assumed to scale with the initial size of the cloud: Rpl = R0/2,
and so the planetesimal mass M = (4pi/3)ρsolid(R0/2)3 for
ρsolid = 3 g/cm3. Our analysis is restricted to zeroth-order
properties of the cloud, e.g. its mean temperature and pres-
sure; for the most part, we will not attempt to spatially
resolve the cloud. We stage our calculations at ∼3 au, where
the main asteroid belt resides; we assume the local density of
the background hydrogen nebula is ρneb = 10−9 g/cm3, about
10 times higher than that of the minimum-mass solar nebula
(e.g. Chiang & Youdin 2010) and 3 times smaller than the
density of a gravitationally unstable (Toomre Q ∼ 1) disc at
this distance.
Sections 2.1–2.3 describe, in chronological order, the dy-
namical and thermal evolution of the cloud. Section 2.4 con-
siders the evolution of a proto-chondrule, treated as a kind
of test particle in the cloud. Different parameter choices are
explored in section 3.
2.1 Overpressured expansion and adiabatic
cooling
At the start of our calculation (time t = 0), the cloud pres-
sure greatly exceeds the nebular pressure, and the nebu-
lar mass displaced by the cloud is small compared to the
cloud mass; thus the cloud expands nearly freely. We as-
sume the expansion velocity u at this time is at its peak
value, u = max u = u0, and is such that the cloud’s bulk
kinetic energy per unit mass, (1/2)u20, is comparable to its
internal energy kT0/[(γ − 1)µmp] (Zel’dovich & Raizer 1967):
u0 ∼
(
2kT0
(γ − 1)µmp
)1/2
∼ 2.6 km s−1
(
T0
4000 K
)1/2
(1)
where k is Boltzmann’s constant, mp is the proton mass, and
µ = 30 and γ = 4/3 (Melosh 1989) are the mean molecular
weight and adiabatic index, respectively, of hot silicate va-
por, mostly comprising SiO, Na, O, and O2 (e.g. figure 4
of Fegley & Schaefer 2012) whose molecular ro-vibrational
degrees of freedom are excited. In reality u0 may be some-
what higher than given by (1) because the expansion speed
at t = 0 respects how much thermal energy is present during
the cloud’s inception at t < 0, when the temperature may
exceed T0. We neglect this order-unity correction, which is
also complicated by non-ideal-gas effects.
The cloud’s initial expansion is supersonic with respect
to the surrounding nebula. For a nebular temperature at 3 au
of 75 K (unheated by the explosion) and a mean molecular
weight of µneb = 2.4 for solar composition gas, the nebular
sound speed is cneb = 0.5 km/s and u0/cneb = 5. The forward
shock sweeps nebular gas into a shell surrounding the cloud,
slowing its expansion. By the time the cloud has grown to
radius R, its velocity has decreased to
u(R) = ÛR(R) = u0
1 + (ρneb/ρ0)(R/R0)3
(2)
if we assume momentum conservation (as opposed to energy
conservation, which breaks down from radiative losses that
MNRAS 000, 1–16 (2020)
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Figure 1. Evolution of the silicate vapor cloud and an embedded chondrule precursor of radius sc = 0.3 mm. The cloud expands freely
at first (R ∝ t, panel a). Later the cloud slows in the snow-plough phase because of nebular mass loading (R ∝ t1/4 asymptotically). The
cloud total density ρ scales as 1/R3 (panel a). The cloud temperature T and pressure P initially fall adiabatically (panels b and d), while
the proto-chondrule is heated conductively by the silicate vapor and cools by blackbody emission to reach an equilibrium temperature
Tc < T (panel b). The chondrule precursor does not vaporize because its saturation vapor pressure Psat(Tc) < P (panel d). At t ∼ 40 s, the
cloud saturates and vapor starts to condense into dust of mass fraction x = ρdust/ρ (panel c); the gas density ρgas is now less than ρ (panel
a). Once saturated, the cloud stays saturated with P = Psat(T ), and for a time, T falls more slowly than along the original adiabat because
of latent heat release. The nebular pressure Pneb just outside the cloud is higher than before dust condensation because of heating by
dust-emitted radiation. The dust optical depth τ is always  1 (panel c) but by t ∼ 3000 s has decreased enough that radiative cooling
causes T to drop faster, all of the remaining vapor to condense (x = 1), and P to nosedive. Radiative heating by dust enforces Tc = T ;
the chondrule cools with the cloud over a few hours (see also dTc/dt in panel b). We end our calculation at tstall ∼ 8000 s (vertical dotted
line) when the external nebular pressure has brought the cloud to a halt and nebular gas starts to backfill the pressure-less cavity left
by condensation.
we will describe in section 2.3). Equation (2) can be solved
for R(t), from which the cloud’s mean density
ρ(t) = ρ0
(
R0
R(t)
)3
(3)
follows. Fig. 1a shows R(t) (dashed black curve) and ρ(t)
(solid black curve) for our fiducial parameters. For t . 2×103
s, the cloud expands at near-constant velocity u ' u0 so that
R ∝ t and ρ ∝ t−3. For t & 2 × 103 s, the swept-up nebular
mass becomes comparable to the silicate cloud mass and
the expansion slows, with R(t) and ρ(t) approaching their
asymptotic t1/4 and t−3/4 scalings, respectively. The cloud
at this stage is said to be in a momentum-conserving “snow-
plough” phase (e.g. Shu 1992).
Initially, as the cloud expands, its mean temperature
and pressure drop adiabatically from their starting values
T0 and P0 = ρ0kT0/(µmp):
T
T0
=
(
ρ
ρ0
)γ−1
(4)
P
P0
=
(
ρ
ρ0
)γ
(5)
with γ = 4/3 as stated earlier. These relations describe the
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silicate cloud material, not the piled-up nebular mass. Fig.
1 shows T(t) (panel b) and P(t) (panel d).
2.2 Condensation
The silicate vapor departs from the original adiabat at t ∼ 40
s, when it cools sufficiently that it starts to re-condense into
liquid/solid droplets (hereafter “dust”—not to be confused
with chondrules, which will not be discussed until section
2.4). Condensation occurs when the saturation vapor pres-
sure Psat given by
log10
(
Psat
bars
)
= −30.6757 − 8228.146 K
T
+ 9.3974 log10
(
T
K
)
(6)
falls below the cloud pressure P. We use here the vapor pres-
sure for molten bulk silicate Earth (“BSE”), whose chemical
composition is similar to that of olivine-rich chondrites (Feg-
ley & Schaefer 2012). Once saturated, the cloud remains sat-
urated, with the gas pressure P equal to Psat(T) (Zel’dovich
& Raizer 1967; Melosh 1989).1
Condensation releases latent heat, which keeps the gas
warmer than it would be along the original adiabat. The
temperature of the dust-gas mixture evolves from adiabatic
cooling, release of latent heat, and radiation emitted by dust:
4piρR3
3
( [
Cgas(1 − x) + Csolidx
]
dT − k
µmp
T (1 − x) dρ
ρ
− [Lvap − (Csolid − Cgas)T ] dx) = −4piR2σSBT4τ dt . (7)
The left-hand side of (7) is taken from Zel’dovich & Raizer
(1967, chapter 8), where x ≡ ρdust/ρ is the mass fraction in
condensates, Cgas = 6.3×106 erg/(g K) is the gas specific heat
at constant volume (Melosh 1989), Csolid = 107 erg/(g K) is
the specific heat of dust, and Lvap = 3×1010 erg/g is the heat
of silicate vaporization (measured for pure forsterite; Naga-
hara et al. 1994). Whereas Zel’dovich & Raizer (1967) have
no right-hand side term because they assume strict energy
conservation, we account in our right-hand side for thermal
photons that diffuse out of the assumed optically thick cloud,
with σSB equal to the Stefan-Boltzmann constant and
τ =
3ρR
4ρsolidsdust
x (8)
equal to the cloud radial optical depth, assuming that vapor
condenses into dust grains of radius sdust and internal density
ρsolid that present geometric cross section to photons. Our
radiative loss term in (7) presumes that the cloud is in radia-
tive equilibrium, with the bulk of the dust at temperature T
heating photospheric dust near the cloud outer boundary to
a temperature of ∼T/τ1/4. We take sdust = 1 µm, comparable
in size to vapor condensates in other settings, including ter-
restrial experiments of condensing silicate and metal vapor
(Melosh 1989, page 70), silicate clouds in exoplanet atmo-
spheres (e.g. Gao et al. 2020), and vapor plumes of meteors
1 The cloud may super-cool along the original adiabat before
equilibrium condensation sets in. For our cloud whose expansion
speed does not greatly exceed the thermal speed of its constituent
gas molecules, and which may be full of impurities and condensa-
tion sites (i.e., liquid/solid ejecta from the original collision), this
departure from equilibrium should be brief.
impacting the Earth at . 15 km/s (Johnson & Melosh 2012,
their figure 13). We test different values of sdust in section 3.
Equation (7) is solved numerically for T(t) and x(t), in
conjunction with Eqs. (2) and (3) for R(t) and ρ(t), and the
condition P = (1 − x)ρkT/(µmp) = Psat(T). Fig. 1 shows how,
after t ∼ 40 s, our fiducial cloud cools sufficiently that Psat(T)
crosses and subsequently locks to P (panel d); an order-unity
fraction of the cloud mass condenses into dust and renders
the cloud optically thick (panel b); and the cloud temper-
ature drops more slowly with time than it did along the
original adiabat because of latent heat release (panel c). We
have verified that the cloud is in radiative equilibrium inso-
far as the photon diffusion time τR/c, where c is the speed
of light, is either comparable to or less than the elapsed time
t. We have also checked that gas and dust conduct heat to
one another so efficiently (via gas-dust collisions) that both
species are at very nearly the same temperature at any given
time.
2.3 Radiative losses and nebular backfilling
Eventually, as the cloud expands and becomes less optically
thick, an order-unity fraction of the cloud’s thermal energy
is lost to radiation. From Fig. 1b, we see that radiative losses
become significant at t ∼ 3000 s. This is also around the time
when nebular mass loading slows the expansion velocity by
a factor of ∼2 and the cloud enters the snow-plough phase
(section 2.1). After this time, T declines faster than before,
scaling approximately as s−1/3dust t
−2/3; this can be seen from
equation 7 by ignoring the volume expansion and latent heat
terms, and using R ∝ t1/4 (equation 2 in the snow-plough
phase) and constant x ∼ 1. The faster temperature drop
leads residual silicate vapor to further condense, and the
gas density plummets (Fig. 1a).
Thus radiation losses and condensation cause the inter-
nal cloud pressure to fall dramatically below the external
nebular pressure (Fig. 1d). The resulting adverse pressure
gradient further slows the cloud’s expansion and ultimately
halts it. We estimate the time for the cloud to stall using
the following order-of-magnitude argument. If we assume a
fluid parcel near the cloud-nebula interface has a total den-
sity ρ+ ρneb, then the local pressure gradient −∇P slows the
parcel down from its velocity u over a timescale
tstall ∼
u
|∇P |/(ρ + ρneb)
∼ u(ρ + ρneb)R
Pneb − P
(9)
where we have estimated that the pressure changes over
a length scale ∼R. Because the cloud’s motion during this
late stage is not strongly supersonic, the swept-up nebu-
lar mass should not be highly compressed, i.e., the cloud
boundary should not be sharp. We solve numerically for the
time t = tstall when the right-hand side of (9) (evaluated as
a running quantity with time) equals the time elapsed. The
nebular pressure Pneb is evaluated using the background neb-
ular density ρneb and a temperature Tneb = T/τ1/4, which
accounts approximately for radiative heating by the under-
lying cloud.
For our fiducial parameters, tstall ∼ 8000 seconds, at
which time the cloud, now almost fully condensed into dust,
MNRAS 000, 1–16 (2020)
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has radiatively cooled down to T ∼ 600 K. We stop our calcu-
lation of the cloud evolution at tstall. After this time, nebular
gas backfills the near pressure-less cavity left by condensa-
tion. Insofar as the cavity will not be perfectly spherically
symmetric, the backfilling will be chaotic, with streams of
nebular gas crossing each other at near-sonic speeds on the
way in, producing mild shocks, hydrodynamic instabilities,
and turbulence (cf. Stewart et al. 2019a). Cloud dust that
mixes with nebular gas will be quenched by conduction down
to O(102 K). The backfilling should take on the order of the
nebular sound-crossing time of the cavity, O(104 s).
2.4 Chondrules
Having described in the preceding sections 2.1–2.3 the evo-
lution of the silicate cloud, we now examine how chondrules
may be created within such a cloud.
We assume at t = 0 that the cloud, of size R0, contains
chondrule precursor solids, modeled as spheres of internal
density ρsolid and radius sc, ejected from the originating col-
lision. It is not obvious that chondrule-sized solids survive
the“fireball”at t < 0, when R < R0, T > T0, and ρ > ρ0; solids
vaporize if they are too small and exposed to hot vapor for
too long. As we do not model the complicated collision and
cloud dynamics at t < 0, we cannot say what small solids
are present by the time the cloud has grown to size R0. Nev-
ertheless, it seems plausible that the cloud at this moment
is filled with debris of various sizes. The collisional destruc-
tion of the target planetesimal is not instantaneous, but un-
folds over the finite interval of time it takes the impactor
to finish smashing into the target. For a collision between
similarly sized bodies, this time is comparable to the time
for the vapor cloud to grow to size R0, as the planetesimal
sizes and R0 are comparable (by construction), and the va-
por expansion velocity is comparable to the impactor-target
relative velocity (see section 1 and equation 1). During this
“smash-through” phase, which lasts O(1min) for our fiducial
parameters, solid debris of all sizes should be continuously
generated by the collision. While mm-sized debris released
when the impactor first makes contact with the target may
not last to t = 0, particles released towards the end of the
smash-through phase, just before t = 0, may survive. In the
following subsections we consider how the solid/liquid de-
bris that survives may be processed into the chondrules we
observe today.
The expanding cloud drags with it particles smaller
than a certain size. Those particles of mass mc whose aero-
dynamic stopping times
tstop =
mcu
Fdrag
(10)
are less than the dynamical time R/u are swept along at
speed u. At the earliest times, the drag force Fdrag ∼ ρu2pis2c ,
as appropriate for moderately high Reynolds number flow
around an obstacle (e.g. Weidenschilling 1977, their equation
8). Evaluating the condition tstop < R/u at t = 0 implies that
sc . 60 cm sized particles are entrained with the cloud.
We will see in section 2.4.2 how this size range dramatically
narrows for particles that fall back to the disrupted parent
body. Of course the total amount of solid mass entrained by
the cloud cannot exceed the cloud’s mass.
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Figure 2. Chondrule cooling rate vs. temperature (dashed or-
ange curve), shown from the point the cloud saturates (in this
regime radiation by newly condensed dust enforces Tc = T , and
Tc falls monotonically). From Tc = 2500 K down to Tc = 1500 K,
cooling is mostly driven by the cloud’s expansion, with cooling
rates lower than given by the original adiabat (solid curve) which
does not account for latent heat released by condensation. Also
shown for comparison is the blackbody cooling rate in vacuum
(dTc/dt = 4pis2cσSBT 4c /(mcCsolid); dotted curve). For Tc . 1500 K,
radiative losses from the cloud as a whole become important and
the cooling rate increases. The shaded regions highlight super and
sub-liquidus cooling rates inferred from laboratory experiments.
These constraints are taken from Desch & Connolly (2002), ex-
cept for the poorly constrained upper bound to the super-liquidus
cooling rate which we arbitrarily set at 106 K/hr.
2.4.1 Thermal history
Proto-chondrules exchange heat with their environment by
gas conduction and radiation. Their temperature Tc evolves
as:
4pi
3
s3c ρsolidCsolid
dTc
dt
= ngaspis2cuthk(T − Tc) + 4pis2cσSB(T4 − T4c )
(11)
where ngas = (1 − x)ρ/(µmp) is the number density of gas
molecules, uth =
√
8kT/(piµmp) is the gas mean thermal speed,
and each collision between a gas molecule and a chondrule
is assumed to transfer an energy k(T −Tc). The heating term
proportional to σSBT4 is due to the background radiation
field emitted by optically thick dust (after it condenses).
What equation (11) omits is drag-heating by the silicate
vapor, but this effect lasts only briefly, for the fraction of
a second it takes the chondrule to come up to speed with
the cloud, and even then adds only marginally to conductive
heating.
Equation (11) is solved for Tc(t), with the background
variables ngas(t) and T(t) calculated separately as described
in previous sections. We choose a fiducial chondrule ra-
dius of sc = 0.3 mm—sizes of this order will be justi-
fied in section 2.4.2 when we discuss the aerodynamics of
re-agglomeration—and assume a temperature at t = 0 of
Tc(0) = 103 K. This initial temperature, which is merely an
order-of-magnitude guess because we do not model the fire-
ball dynamics at t < 0, is quickly forgotten as the proto-
chondrule comes into dynamical and thermal equilibrium
with its environment.
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Fig. 1b shows Tc(t). Initially, conductive heating is bal-
anced by radiative cooling into the optically thin cloud (dust
has not yet condensed), and the chondrule is at a temper-
ature of Tc ∼ 2000 K. The saturation vapor pressure of
the chondrule, Psat(Tc) (equation 6), sits a factor of > 100
below the ambient gas pressure P (Fig. 1d), safeguarding
the chondrule against vaporization (for a study of the time-
dependent kinetics of vaporization and volatile retention, see
Dullemond et al. 2016). Over the next ∼30 s, the chondrule
remains colder than, but cools in lockstep with, the adiabat-
ically expanding background gas, falling to Tc ∼ 1500 K. At
t ∼ 40 s, the chondrule heats back up to ∼2600 K when dust
condenses and renders the entire cloud optically thick — the
chondrule is literally “flash-heated” by the radiation emitted
by newly condensed dust. The chondrule is now trapped
in this radiation bath and Tc ' T . Over the course of ∼5
minutes, the temperature falls from ∼2600 K through the
liquidus of ∼2000 K; it then passes through the solidus, here
estimated to be ∼1500 K, after ∼30 minutes. Cooling rates
|dTc/dt | are plotted versus t in Fig. 1b and versus Tc in Fig.
2. Above the liquidus, |dTc/dt | ∼ 3000–20000 K/hr, while
below the liquidus |dTc/dt | ∼ 300–3000 K/hr. These cooling
rates appear compatible with empirically determined chon-
drule cooling rates (e.g. Desch & Connolly 2002; Connolly Jr.
& Jones 2016), shown as grey regions in Fig. 2. This figure
also shows that adiabatic cooling alone predicts cooling rates
that exceed sub-liquidus experimental rates by at least an
order of magnitude; cooling buffered by dust condensation
is essential to reproducing chondrule cooling rates.
2.4.2 Re-agglomeration and size sorting
During the initially highly over-pressured, free-expansion
phase of the explosion, particles less than about a meter in
size are dragged outward by the expanding silicate cloud (see
equation 10 and surrounding discussion). Together, particles
and vapor follow a Hubble-like velocity profile, with veloc-
ity increasing linearly with radius up to the cloud boundary
velocity of u0 (e.g. Chevalier & Fransson 2017).
The situation changes as the cloud stalls against the
pressure of the external nebula. Condensation leaves a cav-
ity that nebular gas begins to backfill. The cavity at this
stage has radius Rstall ∼ 104 km (Fig. 1a); filling it back in
and restoring pressure equilibrium mobilizes nebular gas on
a similar scale Rstall (see discussion below equation 9). To
determine which particles are swept inward by this back-
filling nebular gas and which continue to sail out (see also
Lock et al. 2019), we idealize the inflowing gas as a slab of
thickness Rstall moving inward at the nebular sound speed
cneb =
√
kTneb/(µnebmp), and imagine the chondrules encoun-
tering this column with an initial outward velocity of u0/2.
Each chondrule feels a nebular drag force
Fdrag =
4pi
3
ρnebs
2
cuthurel , (12)
evaluated in the free-molecular limit where the gas col-
lisional mean free path exceeds the chondrule radius sc
(Epstein 1924). Here the mean thermal velocity uth =√
8kTneb/piµnebmp, and the chondrule-gas relative velocity
urel = u0/2 + cneb. For a chondrule of mass mc to reverse
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Figure 3. The size range of solids that initially expand out-
ward with the cloud but ultimately turn around to re-agglomerate
onto the parent planetesimal. When nebular gas backfills the cav-
ity created by condensation, it drags inward solids with radii
sc < smax; solids that are larger fail to be aerodynamically stopped
and are lost to space. Smaller particles gravitationally settle to-
ward the parent body in a time tfallback ∝ s−1c . They successfully
land onto the parent if tfallback is less than tshear, the time for mate-
rial surrounding the planetesimal to be shorn away by solar tidal
forces. The constraints sc < smax and tfallback < tshear are satisfied for
0.2mm . sc . 2mm, similar to the measured sizes of chondrules.
direction, it must be dragged to a stop over a time
∆tstop ∼ mcurelFdrag
∼ ρsolid
ρneb
sc
uth
(13)
that is shorter than the time the chondrule takes to cross
and exit the slab
∆tcross ∼ Rstallu0/2 + cneb
. (14)
The condition ∆tstop < ∆tcross implies that only chondrules of
radius
sc < smax ∼ ρneb
ρsolid
uth
cneb + u0/2
Rstall
∼ 2.6 mm
(
Rstall
104 km
) (
ρneb
10−9 g/cm3
)
(15)
are swept back into the cavity. Much larger particles have
too much inertia and sail out to distances  Rstall where the
nebula is unaffected by the explosion.
The backfilling of the cavity by nebular gas does not by
itself bring sc < smax sized particles all the way back to the
cavity center where the disrupted planetesimal resides. As
described at the end of section 2.3, gas inflows will be asym-
metric and not completely radial, and will not directly reach
the origin. Particles swept in by these flows will be stopped
by collisions between gas streams, at radial distances not
much smaller than Rstall. The particles will be buffeted by
turbulence in the nebular hydrogen that re-fills the cavity.
Nevertheless such turbulence, absent driving, eventually
decays away. Random motions subside over a cloud sound-
crossing time of O(104 s), after which embedded particles
gravitationally settle through the hydrogen cloud toward
the disrupted planetesimal. Starting at a radial distance rinit,
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and falling at a drag-limited terminal velocity (GM/r2)∆tstop,
where M = (4pi/3)ρsolid(R0/2)3 is the planetesimal mass, par-
ticles rain back down onto the parent body in a time
tfallback '
r3init
3GM
uth
sc
ρneb
ρsolid
. (16)
Particles that are too small do not make it back, as their
fallback times exceed
tshear ∼
(
GM
a3
)−1/2
∼ 2.6 × 107 seconds
( a
3 au
)3/2
, (17)
the timescale for solar tidal forces to shear the cloud apart at
heliocentric distance a. The condition tfallback < tshear sets the
minimum radius particle that can re-agglomerate with its
parent; smaller particles cannot sediment fast enough before
they are tidally shorn away. Fig. 3 compares tshear and tfallback
as a function of particle size for rinit = Rstall/3, and shows that
this minimum particle radius is
smin ∼ (Rstall/3)
3
3GM
uth
tshear
ρneb
ρsolid
∼ 0.2mm (18)
for our fiducial parameters. We see that smin and smax bracket
a range of particle sizes similar to the range of sizes exhibited
by chondrules (see Friedrich et al. 2015 for empirical data),
modulo the sensitivity of smin to the uncertain order-unity
factor relating rinit to Rstall.
What happens to all of the dust which condenses out
of the silicate vapor? Most of it will be torn by solar tides
away from the remains of the parent body and dispersed into
the protoplanetary disc. Some of it may be reincorporated
into the planetesimal. The dust that is closest to the parent
may settle back down onto its surface to form chondritic
matrix. Other dust grains may be accreted by chondrules to
form their fine-grained rims (e.g. Huss et al. 1981). Krot &
Wasson (1995) have noted the petrologic similarity between
matrix and chondrule rims.
3 HOW CHONDRULE PROPERTIES VARY
WITH VAPOR CLOUD AND NEBULAR
PROPERTIES
We explore how model outcomes change with ini-
tial cloud properties ρ0, R0, and T0, as well as the
sizes of condensed dust grains sdust and the back-
ground nebular density ρneb. Unless otherwise indicated,
we vary one parameter at a time while holding oth-
ers fixed at their fiducial values (ρ0, R0,T0, ρneb, sdust) =
(10−5 g/cm3, 200 km, 4000K, 10−9 g/cm3, 1 µm). Section 3.1 ex-
amines how cooling rates vary over parameter space, section
3.2 studies how the size distribution of chondrules varies,
and section 3.3 scales our model to conditions in the outer
Solar System where Kuiper belt objects may have formed,
near ∼15 au.
3.1 Variations in cooling rates
Figs. 4 and 5 show how chondrule cooling rates dTc/dt de-
pend on cloud initial conditions. Cooling rates are plotted
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Figure 4. Top: Chondrule cooling rates vs. temperature (as in
Fig. 2) for various initial cloud densities ρ0 and radii R0. Cool-
ing rates scale with the total mass of the cloud, dTc/dt ∝ M−1/3cloud
(equation 19), where Mcloud ∼ ρ0R30 . Cooling rates satisfy exper-
imental constraints (shaded regions) for Mcloud & 1017 g. Bot-
tom: Chondrule vapor pressure Psat(Tc) compared against the am-
bient gas pressure P for different initial cloud densities. When
ρ0 & 10−3 g/cm3, conductive heating within the first minute is so
strong that Psat(Tc) > P and the chondrule vaporizes. The up-
per bound on ρ0, together with the lower bound on Mcloud, re-
quire R0 & 30 km, corresponding to a parent planetesimal radius
Rpl = R0/2 & 15 km.
when vapor saturates, dust forms, and the chondrule tem-
perature Tc, radiatively locked to the cloud temperature T ,
falls monotonically (see Figure 2).
Fig. 4a varies the cloud’s initial radius R0 and initial
density ρ0, and demonstrates that what matters for the cool-
ing rate dTc/dt at a given temperature T is the product ρ0R30 ,
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Figure 5. Same as Fig. 4, but for different initial cloud temper-
atures T0. The value of T0 has little effect on cooling rates (top
panel) because cooling is governed by the equilibrium condition
P = Psat(T ) which is independent of initial conditions. Neverthe-
less, T0 cannot be too high or else the chondrule vaporizes at early
times before the cloud saturates (bottom panel). For our fiducial
ρ0 = 10−5 g/cm3, the chondrule vaporizes when T0 & 7000 K.
i.e., the total cloud mass Mcloud(= 4piρ0R30/3, multiplied by
7/8 to account for the volume occupied by the underlying
planetesimal). This dependence follows from
dTc
dt
=
dT
dt
=
dT
dρ
dρ
dR
dR
dt
. (19)
The factor dT/dρ depends only the equilibrium thermody-
namics of adiabatic cooling and condensation, which speci-
fies ρ(T) (equation 7), and does not depend on the initial con-
ditions ρ0 or R0. The second factor dρ/dR ∝ ρ/R (equation
3), which for given ρ(T) scales as 1/R ∝ M−1/3cloud. The final fac-
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Figure 6. Cooling rates vs. temperature for different assumed
radii sdust of condensed dust particles. The dust size does not
matter at higher temperatures (early times) when the cloud cools
by expanding and loses negligible energy to radiation. Larger dust
grains render the cloud less optically thick and hasten the onset
of radiative losses, which increase cooling rates.
tor dR/dt is constant (= u0) during the free-expansion phase,
and depends only on ρ0R30/R3 ∝ ρ(T) during the snow-plough
phase (equation 2). Putting it all together, we see that dTc/dt
scales as M−1/3cloud at all times; a more massive cloud cools more
slowly because to reach a given ρ(T) it needs to expand to
a larger radius R, when its dynamical time R/ ÛR is longer.
According to Fig. 4a, cloud masses Mcloud & 1017 g yield
chondrule sub-liquidus cooling rates consistent with those
measured in the lab.
Chondrules are heated by conduction with gas. The
higher are ρ0 and T0, the higher are chondrule peak temper-
atures. Too high a Tc causes the chondrule vapor pressure
Psat(Tc) to exceed the ambient cloud pressure P, at which
point the chondrule vaporizes (see Dullemond et al. 2016 for
a treatment of evaporation/condensation kinetics). To keep
chondrule precursors intact, the initial cloud density ρ0 must
be . 10−3 g/cm3 (Fig. 4b) and the initial cloud temperature
T0 must be . 7000 K (Fig. 5b). The upper bound on ρ0,
together with the lower bound of 1017 g on Mcloud (Fig. 4a),
imply R0 & 30 km, which in turn implies the radius of the
remnant planetesimal Rpl = R0/2 & 15 km. The value of T0
does not much affect the cooling rate post-saturation (Fig.
5a), when P = Psat(T) and the cloud thermodynamics evolves
in an equilibrium fashion with initial conditions largely for-
gotten. What small differences can be seen in Fig. 5a for
dTc/dt arise from variations in the free-expansion cloud ve-
locity u0 ∝ T1/20 (equation 1).
Fig. 6 varies sdust, the assumed radii of dust grains that
condense out of the silicate vapor. At early times, when cool-
ing is driven by expansion and not radiation, sdust is irrel-
evant. Radiation becomes important sooner, and cools the
cloud faster, for larger sdust which makes the cloud less op-
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tically thick (equation 8). Roughly the radiation-dominated
cooling rate dTc/dt = dT/dt at a given T (not t) scales as
s1/2dust. This can be seen by using equations 2 (in the snow-
plough phase), 3, 7, and 8 to write dT/dt ∝ T4R2/τ ∝
T4sdustR4 ∝ T4sdustt, and substituting away t in favor of T
using T ∝ s−1/3dust t−2/3 (see section 2.2).
3.2 Variations in fallback particle sizes
Panels a-c of Fig. 7 survey a range of initial cloud prop-
erties compatible with chondrule thermal histories (ρ0 .
10−3 g/cm3, R0 & 30 km, T0 . 7000 K; see the preceding sub-
section), illustrating how these initial conditions affect the
sizes of particles that fall back onto the planetesimal (section
2.4.2). In every case plotted, particles on the order of a mm
in size fall back and re-agglomerate. The strongest parame-
ter dependencies are seen for smin and its variation with ρ0
(Fig. 7a), and smax and its variation with R0 (Fig. 7b). Both
trends can be understood simply. If we approximate the size
of the cavity left by condensation as Rstall ∼ R0(ρ0/ρneb)1/3
(technically this is the size of the cloud when it first enters
the snow-plough phase, and so is a lower limit on Rstall),
then equation 15 implies smax ∝ R0, and equation 18 im-
plies smin ∝ ρ0. These scalings agree well with the numerical
results in Fig. 7ab. Physically, larger vapor clouds mobilize
larger column densities of nebular gas which trap larger par-
ticles; and denser clouds stall at larger radial distances where
smaller particles cannot gravitationally sediment out before
the background shear tears them away.
Fig. 7d indicates that nebular densities ρneb at 3 au
(where we evaluate the tidal disruption time tshear) must
be larger than about 10−10 g/cm3 for particles to fall back.
If ρneb is too low, smin > smax and no ejected particle of
any size can be dragged by nebular gas back toward the
planetesimal. The rough scaling arguments used above can
be applied here as well to show that smin ∝ ρ0neb and smax ∝
ρ
2/3
neb, trends which are qualitatively confirmed in Fig. 7d.
The lower bound on ρneb is sensitive to our choice for rinit,
the radial distance from which chondrules fall after nebular
gas backfills the cavity and settles down. Throughout this
paper for concreteness we have chosen rinit/Rstall = 1/3 but
this ratio could plausibly be any number between 0.1 and 1.
Had we chosen 0.1, smin in Fig. 7d would shift downward by
a factor of ∼33 (equation 18) and the lower bound on ρneb
would be closer to 10−11.5 g/cm3.
3.3 Collisions in the proto-Kuiper belt
To assess whether collisions can explain the presence of
chondrule-like particles collected from the short-period
comet 81P/Wild-2 (e.g. Nakamura et al. 2008), we re-scale
our model to heliocentric distances possibly appropriate to
Wild-2’s formation. Short-period comets originate as Kuiper
belt objects (KBOs), predominantly of the “scattered” vari-
ety having relatively large orbital eccentricities and inclina-
tions (e.g. Nesvorny´ et al. 2017). Dynamically hot KBOs are
thought to reflect a period of upheaval when the orbits of
the giant planets (and perhaps those of planets no longer
present) underwent large-scale changes driven by gravita-
tional scatterings with remnant planetesimals (e.g. Fernan-
dez & Ip 1984; Malhotra 1995; Tsiganis et al. 2005; Gomes
et al. 2005; Ford & Chiang 2007; Levison et al. 2011; Daw-
son & Murray-Clay 2012). During this time, Neptune and
proto-KBOs were propelled outward from ∼10–20 au to 30
au and beyond. Accordingly, we re-stage our calculations for
a = 15 au, near where proto-KBOs may have originated. We
adopt a nebular density ρneb = 1.4 × 10−11 g/cm3, a factor
of 70 lower than our fiducial value at 3 au, as follows from
the scaling law ρneb ∝ a−39/14 derived for the solar nebula
(e.g. Chiang & Youdin 2010). For this orbital distance, the
cloud lifetime against tidal forces is tshear = 3 × 108 s = 10
yr. Additionally, in anticipation of our results for particle re-
agglomeration, we set our fiducial chondrule precursor size
to sc = 10 µm when computing chondrule thermal histories
Tc(t). All other model parameters are kept at their fiducial
values.
Comparison of Fig. 1 with Fig. 8 demonstrates what
one might have expected: for a given set of initial cloud
conditions (ρ0, T0, R0), thermal histories of cloud-embedded
particles are qualitatively the same at 3 au as at 15 au.
The chondrule thermal evolution is controlled by the inter-
nal thermodynamics of the vapor cloud which are not espe-
cially sensitive to nebular environment, especially when the
cloud is still hot and the chondrule is passing through the
liquidus. This is further evidenced in Fig. 9. Sub-liquidus
cooling rates dTc/dt for a given T are marginally faster in
the proto-Kuiper belt than in the asteroid belt because the
lower nebular density at larger heliocentric distance allows
the cloud to expand freely for longer before entering the
slower snow-plough phase.
The main effect that lowering the nebular density has
is reducing the maximum size of re-agglomerated particles.
In the limit of no nebular gas, the maximum size would be
zero, as no particle entrained by the supersonically expand-
ing, unbound vapor would ever fall back. As Fig. 10 shows,
for our assumed nebular density at 15 au, the maximum
radius solid that can be aerodynamically dragged back to-
ward the planetesimal is smax = 3 × 10−2mm = 30 µm, about
60 times smaller than the value at 3 au. The minimum ra-
dius smin of fallback particles also decreases, down to about
10 µm (10 times smaller than at 3 au), a consequence in part
of the longer tshear which allows particles more time to set-
tle. The values of smin and smax would be even smaller if we
adopted nebular conditions at a > 15 au. Thus our model
generically predicts that short-period comets and their KBO
progenitors should have smaller-sized chondrules compared
to chondritic main belt asteroids. This prediction is consis-
tent with the ∼ 10 µm sizes of thermally processed solids col-
lected from comet Wild-2, although the possibility remains
that the sampled particles are fragments of still larger chon-
drules. These would be fewer in number following a power-
law particle size distribution in the coma. To avoid being
disabled by a collision, the Stardust spacecraft did not ap-
proach close enough to the comet to collect larger particles,
and so the concentration of & 100 µm chondrules in Wild-2
is unknown.
While we have so far focused on generating chondrule-
like particles, comets like Wild-2 are replete with other kinds
of equilibrated aggregates (EAs) which were also once par-
tially molten, but which are smaller than chondrules (0.1–
1 µm), attained lower peak temperatures (∼1200 K), and
skew toward faster cooling rates (& 500 K/hr; Bradley
1994; Brownlee et al. 2005; Messenger et al. 2013). In our
MNRAS 000, 1–16 (2020)
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Figure 7. How the size range of re-agglomerated particles depends on cloud initial conditions (panels a-c) and the density of the ambient
nebula at 3 au (panel d). For the most part, particle sizes straddling a millimeter result from the same initial cloud conditions that
reproduce chondrule thermal histories (see section 3.1). A background nebula with too a low density exerts too little drag on particles
and precludes any from re-agglomerating.
model, cooling rates scale inversely with the cloud mass,
dT/dt ∝ M−1/3cloud, with Mcloud & 1017 g required to produce
the low cooling rates exhibited by chondrules (section 3.1).
Lower mass clouds, in the range Mcloud ∼ 1015–1017 g, might
have hosted the faster cooling EAs; cloud masses and peak
temperatures may have been systematically smaller in the
proto-Kuiper belt where orbital velocities were slower than
in the asteroid belt.
4 SUMMARY AND DISCUSSION
The geologist and pioneering petrographer H.C. Sorby de-
scribed chondrules as“droplets of fiery rain”. In our model of
chondrule formation, this description is apt. We have posited
that chondrules are the fallout from the collisional disrup-
tion of an asteroid.
In a hypervelocity collision, a fraction of the mass of
the impactor and target, initially solid, is heated to vapor-
ization. The hot, over-pressured vapor expands, aerodynam-
ically entraining and conductively heating particle debris of
various sizes. We have detailed how the vapor cloud evolves
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Figure 8. Same as Fig. 1, but for a vapor cloud created at a = 15 au in a nebula of density ρneb = 1.4 × 10−11 g/cm3, conditions intended
to model those of the proto-Kuiper belt where comet Wild-2 may have formed. The change in scenery does not much affect the thermal
evolution of either the silicate cloud or the chondrule at temperatures T & 500 K and times t . 5 × 103 s. The main difference in
cloud evolution between asteroid belt and Kuiper belt distances is at late times. Because the nebular pressure Pneb is about 2 orders
of magnitude lower at 15 au than at 3 au, the cloud takes longer to stall; nebular backfilling begins a factor of ∼20 later, at tstall ∼ 105
seconds.
and interacts with the surrounding solar nebula. The evo-
lutionary stages of the cloud include, in chronological and
overlapping order: (1) its initial free expansion and adiabatic
cooling, (2) its condensation into dust grains whose latent
heat slows the cloud’s cooling at first, and whose emitted
radiation later hastens it, (3) the cloud’s deceleration due to
nebular gas loading, and (4) its eventual collapse and mixing
with the nebula, which backfills the near pressure-less cav-
ity left by condensation. Against the evolving backdrop of
the vapor cloud we have shown that entrained particles ex-
perience heating and cooling episodes consistent with those
inferred for chondrules: heating to the point of melting (but
not vaporizing) for a period of order 102 s; super-liquidus
cooling at rates of 3000 K/hr or more; and sub-liquidus cool-
ing at rates of 3000 K/hr to 5 K/hr.
The fact that chondrules fill so much of the volume of
some meteorites (Weisberg et al. 2006, their table 1) argues
that whatever process heated them went hand-in-hand with
whatever process agglomerated them. In our model, heat-
ing and agglomeration—really, re-agglomeration—occur in
direct succession in the aftermath of a single collision. Heat-
ing and most of the subsequent cooling take place during
the above mentioned phases (1)–(3), and re-agglomeration
occurs during phase (4). Re-agglomeration starts when neb-
ular gas backfills the cloud cavity and sweeps in particles
below a certain size; it completes when particles above a
certain size settle gravitationally at drag-limited velocities
onto the disrupted planetesimal remains. Particles that are
too large fail to be turned around by nebular gas; parti-
cles that are too small settle too slowly and do not land
before being torn away by solar tides. Those particles that
are successfully re-collected have a narrow range of sizes, on
the order of a millimeter for nebular densities comparable to
that of the minimum-mass solar nebula at the location of the
main asteroid belt. At the lower nebular densities thought
to prevail in the proto-Kuiper belt, fallback particles are
smaller, on the order of 10 µm.
Raining down chondrules onto the surfaces of their re-
MNRAS 000, 1–16 (2020)
Skyfall 13
3000 2500 2000 1500 1000 500
Temperature Tc [K]
100
101
102
103
104
105
106
107
108
|d
T
c
/
d
t|
[K
/
h
r]
a = 15 au
a = 3 au
Adiabat
Vacuum cooling
L
iq
u
id
u
s
Figure 9. Comparison of chondrule cooling rates at 3 au in the
asteroid belt (as in Fig. 2) and at 15 au in the proto-Kuiper belt.
Collisional vapor clouds have thermal histories that are practi-
cally independent of heliocentric distance and can thus explain
the presence of chondrule-like particles discovered by Stardust.
Cooling is somewhat faster at 15 au than at 3 au because at
larger distances the cloud is less impeded by a less dense nebula,
and therefore expands faster.
constituted parents manifestly produces the chondritic outer
layers of asteroids (Weiss & Elkins-Tanton 2013; see also As-
phaug et al. 2011 for an early qualitative version of “layer-
ing”). Repeated collisions could explain the multiple heat-
ing events experienced by an order-unity fraction of chon-
drules, as evidenced by their having relict grains (melt-grown
phenocrysts) from prior heating episodes, and/or igneous
rims (e.g. Nagahara 1981; Jones 2012). Chondritic matrix
could be the micron-sized dust which condenses from the
vapor cloud, situated close enough to the parent body to
re-agglomerate before shearing away.
Melting and vaporizing chondritic-composition solids
(we used BSE, bulk silicate earth) practically automatically
produces the high oxygen fugacities implicated by asteroidal
chondrules and chondrule-like particles in comets. For ex-
ample, given that oxygen makes up 1/10 of BSE vapor by
number (Fegley & Schaefer 2012, their fig. 4), we find that
oxygen partial pressures (a.k.a. fO2) for our fiducial vapor
cloud in the proto-Kuiper belt are slightly above the iron-
wu¨stite buffer, in agreement with experimentally measured
oxygen fugacities for Wild-2 cometary chondrules (Gains-
forth et al. 2015). Other fugacity values could be produced
by varying the impactor compositions; in most cases they
should hew closely to oxygen fugacities found in type I or
type II (FeO-poor or rich) chondrules.
In the context of our simple, zero-dimensional model,
the total mass Mcloud in the vapor cloud must be & 1017
g to keep chondrule sub-liquidus cooling rates sufficiently
low. At the same time, initial vapor densities ρ0 must be
. 10−3 g/cm3 to avoid overly heating chondrules and va-
porizing them. These two constraints imply that the initial
radius R0 of the cloud must be & 30 km. In our model R0
scales in proportion to the radius of the underlying planetes-
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Figure 10. Same as Fig. 3, but for a collision in the proto-Kuiper
belt at 15 au. We predict that KBOs contain smaller chondrules
than main belt asteroids at 3 au do. The maximum size of retained
particles is lower because nebular gas at larger heliocentric dis-
tances is less dense and therefore less effective at stopping particle
ejecta from being lost to space. The minimum particle size also
decreases because tidal forces are weaker at 15 au (tshear is longer
by a factor of 30 compared to 3 au), affording smaller particles
more time to sediment onto the parent body. Note that the curves
plotted here should not be taken too literally as they are sensi-
tive to uncertain order-unity factors (see the end of section 3.2);
in particular, tfallback could be lowered by an order of magnitude
or more if we consider particles settling from a distance of rinit
less than our fiducial value of Rstall/3.
imal, R0 = 2Rpl; thus we conclude that chondrule formation
requires collisions between asteroids & 15 km in size, with
& a few hundred km sizes favored to achieve cooling rates
. 102 K/hr. By this reasoning, comet Wild-2, which is only
5 km wide, is unlikely to have undergone itself the collision
that produced the micro-chondrules it contains. That colli-
sion probably occurred for a larger body, which later collided
again and fragmented to produce Wild-2. This origin story
fits with the idea that short-period comets are collisional
fragments (e.g. Farinella & Davis 1996).
It might be objected that planetesimals having sizes
& O(100 km) would have chemically differentiated from the
trapped radiogenic heat from 26Al, in violation of the ob-
servation that chondrules are composed of undifferentiated
(near-solar composition) material. But as Weiss & Elkins-
Tanton (2013) have argued, the outermost portions of even
large planetesimals can remain undifferentiated because of
surface cooling. Our model requires that collisions thermally
re-process more of this outer material into chondrules than
the core material; this seems easy enough to satisfy.
At face value, the above parameters imply a vapor-to-
planetesimal mass fraction of fvap = Mcloud/(4piρsolidR3pl/3) =
7ρ0/ρsolid . 0.2%, for a bulk solid density ρsolid = 3 g/cm3.
This constraint on fvap is uncertain, however, as it is sensi-
tive to order-unity constants that we have only guessed at.
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For example, we could have set the underlying planetesimal
radius to Rpl = R0/5, in which case our upper limit on fvap
would increase by more than an order of magnitude to ∼3%
(and to offset the effect of such a choice on the minimum fall-
back particle size smin and keep its value at 0.2 mm, we would
simultaneously reduce rinit/Rstall — the radius from which
chondrules start settling after nebular backfilling, scaled to
the cavity radius — to 1/8 from our nominal 1/3). Regard-
less, if we rely solely on the vapor to melt initially solid chon-
drule precursors (as we have done throughout this paper),
then fvap is essentially the maximum efficiency with which
a collision converts solid material into chondrules, since the
finite heat capacity of the vapor dictates that we cannot
melt much more mass in precursors than there is mass in
vapor. Efficiencies on the order of a percent are comparable
to those reported for melt production by impact jetting, at
collision velocities of ∼3 km/s (Johnson et al. 2015; Wakita
et al. 2017).
We worry that efficiencies fvap . 1% may be too small
to reprocess enough of the mass of the asteroid belt into
chondrules. Repeated collisions might be a way to thicken
the depth of the fallout layer. Greater efficiencies of melt
production may be achieved through higher impact velocity
collisions (Davies et al. 2020). More ab initio simulations
of vaporizing collisions, like that by Stewart et al. (2019b),
are needed to determine the relative fractions of solid, melt,
and vapor initially created by impacts. It seems worthwhile
to re-visit the case where initial melt-to-vapor fractions are
large (cf. Dullemond et al. 2014, 2016) and incorporate some
of our ideas about dust condensation, nebular backfilling,
and re-agglomeration. One can also explore the evolution
of lower mass, lower temperature, and faster cooling clouds
to see if they might generate the equilibrated aggregates
(and perhaps also GEMS, glass with embedded metals and
sulfides) present in comets (Bradley 1994; Messenger et al.
2013).
Also requiring development are the “big-picture” dy-
namical histories of the asteroid and proto-Kuiper belts, i.e.,
how their size and velocity distributions evolve. Our finding
that colliding planetesimals need to have sizes Rpl & 15 km
to produce chondrule-like thermal histories, with 100 km
or larger sized bodies preferred, aligns with the fact that
most of the mass in various minor body reservoirs through-
out the Solar System is concentrated at the ∼100-km size
range (e.g. Morbidelli et al. 2009; Sheppard & Trujillo 2010;
Klahr & Schreiber 2020). The super-km/s impact velocities
required to produce melt and vapor must arise from gravita-
tional interactions with still larger bodies, e.g. scatterings off
lunar-sized embryos populating the primordial asteroid belt
(e.g. Wetherill 1992; Petit et al. 2001; O’Brien et al. 2007)
or proto-giant planets in the outer solar system (e.g. Tsiga-
nis et al. 2005; Gomes et al. 2005; Carter & Stewart 2020).
Note that the scattering (a.k.a. viscously stirring) bodies
must have formed with practically the full complement of
solar nebular gas still present.
Pending the resolution of these larger issues, we venture
to make some predictions that may be testable:
(i) There should be correlations between chondrule ages,
maximum sizes, and sub-liquidus cooling rates. Older chon-
drules (as determined by radiometric dating) were created
when the solar nebula was presumably denser and better
able to drag larger particle debris back onto their colli-
sionally disrupted parents (equation 15) — older chondrules
should therefore have larger maximum sizes. And insofar as
planetesimals were “born big” and became smaller in a col-
lisional cascade (Morbidelli et al. 2009; Klahr & Schreiber
2020), older chondrules should have cooled more slowly, as
they were produced in collisions between larger bodies with
more massive vapor clouds.
(ii) Asteroidal chondrules and chondrule-like particles in
comets should exhibit evidence for slower rates of cooling
above a certain temperature, and faster rates below it, fol-
lowing the change in cloud cooling rate before and after the
onset of radiative losses. Using Fig. 8b as an example, we see
that Trad ∼ 1400 K marks the transition to faster radiation-
dominated cooling. Phases such as olivine, pyroxene, and
spinel that form above Trad would show a relatively narrow
range of equilibration temperatures near Trad, because they
would be closer to equilibrium when the temperature plum-
mets. Phases such as feldspar and sulfide that form at tem-
peratures below Trad would show poorer equilibrium. By con-
trast, in a scenario with a constant cooling rate, we would
expect a wider spacing between equilibration temperatures
as phases freeze out sequentially. Our multi-stage cooling
model could explain the results of Gainsforth et al. (2015),
who studied one of the chondrule-like particles recovered by
Stardust (“Iris”) and found that olivine and spinel showed
homogenous compositions equilibrated at ∼1300 K, while
feldspar showed a range of compositions consistent with for-
mation from 1300 K down to 1000 K, as well as the presence
of glass.
We have made the case that thermally processed solids
in asteroids and comets record the early and violent colli-
sional history of the Solar System, including the velocities
and sizes of impacting bodies, and how much nebular gas was
present. While this information does not directly inform how
planetesimals formed, it does constrain formation: according
to our calculations, ∼100-km sized bodies must have formed
and been gravitationally stirred by still larger bodies before
the ambient gas density fell much below minimum-mass so-
lar nebular values.
How CAIs (calcium-aluminum-rich inclusions) fit into
this framework remains an outstanding question. Compared
to chondrules, the igneous CAIs in CV chondrites (1) are
older by up to ∼5 Myr (e.g. Krot et al. 2005; Kita et al.
2005), (2) have larger maximum sizes up to centimeters, and
(3) have overlapping cooling rates that skew toward lower
values, of order 0.5–50 K/hr (Stolper & Paque 1986; Beckett
et al. 2006; see also Connolly Jr. & Jones 2016 for a broader
discussion). Encouragingly, these properties match the age-
size-cooling trends we articulated above for chondrules. In
this picture, large first-generation asteroids would have col-
lided first to create the igneous CAIs, and their smaller col-
lisional progeny would themselves have collided to form the
faster cooling chondrules. Like chondrules, CAIs experienced
multiple heating events (Connolly & Burnett 1999; Hsu et al.
2000; Kita et al. 2012) that might be explained by multiple
collisions. Composition is a problem; how planetesimal col-
lisions would produce fallout with the more refractory com-
positions of CAIs is unclear. Another problem lies in the
detection, modulo significant uncertainty, of excess 7Li in a
CAI from the Efremovka meteorite (Mishra & Marhas 2019;
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see also McKeegan et al. 2000, Chaussidon et al. 2006, and
Leya 2011). Lithium-7 is the decay product of 7Be, whose
half-life is just 53 days. The presence of such a short-lived
radionuclide at the time of CAI formation would appear to
require spallation of CAIs or their precursors by energetic
particles emitted by the young Sun. The nucleosynthetic
reactions are thought to occur well inside the location of
the present-day asteroid belt, perhaps even inside 0.1 AU,
depending on the (largely unknown) fluences of protosolar
flares (e.g. Gounelle et al. 2001; Gounelle et al. 2013; Mishra
& Marhas 2019; see Jacquet 2019 for the case of 10Be). Stag-
ing CAI-forming collisions at smaller heliocentric distances
would presumably further increase ambient nebular densi-
ties and thereby increase the maximum sizes of CAIs. The
challenge would be to explain how CAIs were transported
radially outward to the asteroid belt.
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